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Alkanes a r e  c o n s t i t u e n t s  
t r i b u t i o n s ,  i s o t o p i c  compositions,  
and sed imenta l  a lkanes  a r e  u s u a l l y  

SiJMhRY 

& of organisms and sediments.  The s t r u c t u r e s ,  d i s -  
and o p t i c a l  p r o p e r t i e s  of C15 t o  C30 b i o l o g i c a l  
e i t h e r  i d e n t i c a l  o r  s i m i l a r . .  P r i s t a n e  and phytane, - .  

i soprenoid- type  a lkanes  which a r e  s t r u c t u r a l l y  r e l a t e d  t o  t h e  phyto l  moiety o f - t h e  
ch lo rophy l l  molecule,  a r e  found i n  rocks o f  many geo log ica l  ages  and i n  organisms. 
General  resemblences i n  t h e  p o s i t i o n s ,  shapes, and r e l a t i v e  s i z e s  o f  chromatographic 
peaks a r e  observed i n  t h e  gas chromatograms of a lkanes  from most t e r r e s t r i a l  rocks 
and m e t e o r i t e s ,  and t h e  mass spec t romet r i c  c rack ing  p a t t e r n s  of t h e s e  a lkanes  s h a r e  
many f e a t u r e s .  A b i o t i c a l l y  produced a lkanes  do n o t  c o n t a i n  d e t e c t a b l e  q u a n t i t i e s  of 
p r i s t a n e  o r  phytane,  and a l l  d e f i n i t i v e  ana lyses  of a b i o t i c  a lkanes  d i f f e r  s i g n i f i -  
c a n t l y  from equ iva len t  ana lyses  of b i o l o g i c a l  a lkanes .  

Repeated t es t s  o f  t h e  s e n s i t i v i t y  of ou r  a n a l y t i c a l  methods show t h a t  re- 
p roduc ib le  c h a r a c t e r i z a t i o n s  can  be obta ined  of a lkanes  which comprise 10-8 o r  more 
p a r t s  by weight of samples. Contaminants a r e  t h e  major source  o f  e r r o r s  i n  organic  
geochemical i n v e s t i g a t i o n s ,  and t h e  contamination of samples most f r e q u e n t l y  occurs  
p r i o r  t o  t h e  r e c e i p t  of samples i n  t h e  l abora to ry .  Analyses of e x t r a c t s  from d i f -  
f e r e n t  segments o r  p o r t i o n s  o f  a sample provide da t a  f o r  a s s e s s i n g  t h e  l e v e l s  and 
e v a l u a t i n g  t h e  e f f e c t s  o f  contamination. Analyses of a lkanes  from Paleozoic  and 
Precambrian rocks  i n d i c a t e  t h a t  l i f e  has  p e r s i s t e d  f o r  more than  3 b i l l i o n  y e a r s  on 
e a r t h .  Ordinary  c h o n d r i t e s ,  a l s o ,  c o n t a i n  b i o l o g i c a l  a lkanes  a s  w e l l  a s  o p t i c a l l y  
a c t i v e  o rgan ic  non-hydrocarbons, bu t  our  r e s u l t s  do n o t  r u l e  o u t  t h e  l i k e l i h o o d  t h a t  
t h e s e  m e t e o r i t e s  were contaminated wi th  t e r r e s t r i a l  m a t e r i a l s .  Analyses of a lkanes  
and aromat ic  hydrocarbons from fragments o f  t h e  Orgue i l ,  Type I carbonaceous chon- 
d r i t e ,  a r e  sugges t ive  of an indigenous and b i o l o g i c a l  o r i g i n  f o r  some m e t e o r i t i c  
carbon compounds. The i n v e s t i g a t i o n s  which were c a r r i e d  o u t  under Con t rac t  Numbers 
NASw508 and 1170 a f f o r d  a d d i t i o n a l  ev idence  t h a t  a lkanes  can  p lay  an  important r o l e  . .  

i n  p a l e o b i o l o g i c a l  and exob io log ica l  research.  

INTRODUCTION 

The major o b j e c t i v e s  of t h e s e  i n v e s t i g a t i o n s  have been t o  test t h e  reli-  
a b i l i t y  of a lkanes  a s  b i o l o g i c a l  i n d i c a t o r s  and t o  develop and ma in ta in  r e f e r e n c e  
d a t a  on a lkanes  of v a r i o u s  o r i g i n s .  

I n  d e a l i n g  wi th  t h e  gene ra l  problem o f  recogniz ing  organisms o r  t h e i r  r e -  
mains,  one i s  fo rced  t o  c o n s i d e r  t h e  c h a r a c t e r i s t i c s  t h a t  d i s t i n g u i s h  animate from 
inanimate  t h i n g s  and t h e  v a r i a b i l i t i e s  which a r e  d i sp l ayed  by organisms and a b i o t i c  
carbon compounds. 
s t i t u t e s  the l i v i n g  s t a t e  and how it evolved. 

Such c o n s i d e r a t i o n s  n e c e s s a r i l y  r e q u i r e  an a p p r a i s a l  of what con- 

The modern theory  of t h e  o r i g i n  of l i f e  was i n i t i a t e d  by Haldanel about 
and t h i s  t heo ry  was s i g n i f i c a n t l y  augmented by Oparin2 and o t h e r  ~ ~ i ~ ~ ~ i i t ~ ? '  They assume t h a t  o rgan ic  molecules formed i n  a reducing  atmosphere on 

p r i m o r d i a l  e a r t h .  Most r e a c t i o n s  probably occurred i n  t h e  upper reg ions  of t h e  a t -  
mosphere which r ece ived  t h e  g r e a t e s t  q u a n t i t i e s  of s o l a r  energy. These molecules 
accumulated i n  t h e  oceans and s e a s .  As t h e  concen t r a t ions  of t h e  o rgan ic  compounds 
i n  t e r r e s t r i a l  wa te r s  i nc reased ,  t h e  v a r i e t y  and complexity of t h e  compounds were 
a l s o  i n c r e a s e d  by i n t e r a c t i o n s ,  and over long pe r iods  of t i m e  molecular aggrega te s  
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, '  

formed. It i s  be l ieved  t h a t  some of t hese  aggrega tes  func t ioned  a s  c a t a l y s t s  t o  
c o n t r o l  t h e  r e a c t i o n  r a t e s  of o t h e r  molecules--a beginning of biochemical evo lu t ion ,  
and even tua l ly  an aggrega te  formed t h a t  func t ioned  a s  an  organism. 

. Numerous i n v e s t i g a t o r s  have demonstrated t h a t  a b i o t i c  processes  can  pro- 
duce many b i o l o g i c a l l y  s i g n i f i c a n t  molecules and s t r u c t u r e s 2 , 3 , 4  and Urey5 has  pre-  
s en ted  sound t h e o r e t i c a l  arguments t h a t  t h e  p r i m i t i v e  atmosphere could provide  t h e  
r e a c t a n t s  f o r  t h e s e  p rocesses .  One of t h e  most d i f f i c u l t  problems i n  t h e  o r i g i n  of 
l i f e  is t o  exp la in  t h e  thermody namics of t h e  molecular po lymer iza t ions  t h a t  conver ted  
simple molecules i n t o  a c t i v e  aggrega te s .  
t h e  gaps between t h e  molecules and a c t i v e  aggrega te s  and t h e  a c t i v e  aggrega te s  and 
organisms, but t h e  r e s u l t s  and proposa ls  of Calv in ,  Wald, and Ponnamperuma a r e  
c 10s i n g  these gaps3 Y 6. 

Major e x t r a p o l a t i o n s  a r e  r equ i r ed  t o  b r idge  

Seemingly, t h e  modern theory  of t h e  o r i g i n  of l i f e  i s  s u f f i c i e n t l y  devel-  
oped t o  provide guidance f o r  t hose  who a r e  d e v i s i n g  methods of d e t e c t i n g  e x t r a t e r -  
r e s t r i a l  l i f e .  Wald6 e x p l a i n s  why t h i s  theory  i n  con junc t ion  wi th  our  knowledge of 
chemis t ry  p l aces  seve re  r e s t r i c t i o n s  on t h e  composition of l i f e  and t h e  environments 
i n  which i t  o r i g i n a t e s .  H e  writes,  "The major bioelements t h e r e f o r e  p r e s e n t  unique 
p r o p e r t i e s  i n d i s p e n s i b l e  f o r  t h e  formation and func t ion  of l i v i n g  organisms. They-- 
p a r t i c u l a r l y  carbon, hydrogen, n i t r o g e n ,  and oxygen--form a l s o  a number of unique 
molecules ,  ind ispensable  o r  of s i n g u l a r  importance f o r  organisms ... 
s i m i l a r  reasons I have become convinced t h a t  l i f e  everywhere must be based p r i m a r i l y  
upon carbon, hydrogen, n i t r o g e n ,  and oxygen, upon an  o rgan ic  chemis t ry  t h e r e f o r e  
much a s  on Ear th ."  

For t h e s e  and 

I n  essence ,  ou r  knowledge of phys ics  and chemis t ry  and our  unders tanding  
of metabol ic  processes  j u s t i f y  t h e  presumption t h a t  t h e  c h a r a c t e r i s t i c s  of organisms 
on Ea r th  approximately d e f i n e  t h e  c h a r a c t e r i s t i c s  of l i f e  which w e  may f i n d  on o t h e r  
c e l e s t i a l  bodies .  

ANALYTICAL DETECTION OF LIFE 

Accepting t h e  Ea r th  a s  a s t anda rd ,  w e  may a s c e r t a i n  from c o n s i d e r a t i o n s  o f  
t h e  compositions of t h e  o rgan ic  m a t e r i a l s  i n  a t e r r e s t r i a l  sample what ana lyses  may 
provide t h e  b e s t  means of d e t e c t i n g  l i f e  on o t h e r  c e l e s t i a l  bod ie s .  

A mean sample of t h e  E a r t h ' s  c r u s t  c o n t a i n s  1 t o  2 pe r  c e n t  of o rgan ic  
m a t t e r  and l e s s  than 1 per  m i l l e  of organisms. The preponderance of carbonaceous 
subs t ances  i n  t h i s  sample i s  composed of t h e  o r g a n i c  r e s i d u e s  from former l i f e ,  bu t  
ana lyses  of t hese  r e s i d u e s  show t h a t  they  a r e  f o r  t h e  most p a r t  n e i t h e r  chemica l ly  
no r  s t r u c t u r a l l y  s i m i l a r  to b i o l o g i c a l  compounds. 

The composi t iona l  d i f f e r e n c e s  between o rgan ic  remnants and organisms a r e  
probably a consequence of t h e  carbon c y c l e .  Organisms a r e  t h e  dynamic f o r c e  i n  t h i s  
c y c l e .  
The mean compositions of carbonaceous m a t e r i a l s  on E a r t h ,  however, a r e  s t r o n g l y  i n -  
f luenced  by slow but cont inuous  accumulations o f  compounds t h a t  have e f f e c t i v e l y  
escaped t h e  carbon c y c l e ,  and t h e  r a t e  of t h i s  escape  i s  i n v e r s e l y  r e l a t e d  t o  t h e  
c a t a b o l i c  a c t i v i t i e s  of t hese  compounds. 

P l an t s  and animals dominate t h e  product ion  and u t i l i z a t i o n  of carbon compounds7. 

The r e v e r s e  development o f  b i o s y n t h e t i c  pathways, a s  sugges ted  by Horowitz3, 
and t h e o r i e s  of b i o l o g i c a l  e v o l u t i o n  favor  t h e  e f f i c i e n t  u t i l i z a t i o n  o f  abundant o r -  
ganic  compounds. It i s  not  i n  t h e  b e s t  i n t e r e s t  o f  organisms t h a t  energy be wasted 
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and t h a t  carbon be squandered i n  t h e  production of o rgan ic  m a t e r i a l s  which a r e  re- 
t a i n e d  i n  sediments.  Thus, we can expec t  t h a t  only t h e  c a t a b o l i c a l l y  l e a s t  a c t i v e  
carbon compounds may escape  t h e  carbon cycle ,  and o b s e r v a t i o n  and ana lyses  i n d i c a t e  
t h e s e  compounds t o  be e i t h e r  h igh ly  and randomly a l t e r e d  o r  i n h e r e n t l y  i n a c t i v e  pro- 
duc t s  of l i f e 8 .  

It i s  p l a u s i b l e  t o  assume t h a t  the bulk  of carbonaceous m a t e r i a l s  i n  sed- 
iments,  which w e  a r e  unable t o  r e l a t e  chemically o r  s t r u c t u r a l l y  t o  organisms t o  
b i o l o g i c a l  molecules , r e p r e s e n t  a b i o t i c  a t t r i t i o n s .  Most m e t a b o l i c a l l y  a c t i v e  com- 
pounds a r e  a l s o  chemica l ly  r e a c t i v e .  I n  organisms, t h e  format ions  and degrada t ions  
of molecules fo l low p r e c i s e l y  de f ined  and numerically r e s t r i c t e d  pathways. 
of b i o l o g i c a l  r e a c t i o n s  a r e  n e c e s s a r i l y  rapid,  f o r  o therwise  t h e  d e s t i n i e s  o f  a c t i v e  
molecules a r e  l e f t  p a r t i a l l y  t o  a b i o t i c  r e a c t i o n s .  S t a t e d  d i f f e r e n t l y  l i f e  p e r s i s t s  
because b i o l o g i c a l  r e a c t i o n s  win t h e  r a c e  t h a t  c o n t r o l s  t h e  s t r u c t u r e s  of carbon com- 
pounds, bu t  such v i c t o r i e s  a r e  incomplete.  

The r a t e s  

A slow o v e r l a p  appa ren t ly  e x i s t s  between t h e  s lowes t  metabol ic  r e a c t i o n s  
and t h e  f a s t e s t  a b i o t i c  r e a c t i o n s ,  and a minor p o r t i o n  of b i o l o g i c a l l y  impor tan t  
molecules a r e  randomly a l t e r e d .  Once a l t e r e d  by a chance a b i o t i c  process  a molecule 
may become m e t a b o l i c a l l y  less a c t i v e ,  and t h e  p r o b a b i l i t y  i s  inc reased  t h a t  t h i s  
molecule may undergo a d d i t i o n a l  a b i o t i c  t r ans fo rma t ions .  Success ive  a b i o t i c  changes 
occur r ing  alowly but  con t inuous ly  over  geologic  pe r iods  of t i m e  may des t roy  t h e  
s t r u c t u r a l l y  d i s t i n c t i v e  f e a t u r e s  o f  remnants of former organisms. 

Alkanes l a c k  f u n c t i o n a l  groups.  These s a t u r a t e d  hydrocarbons a r e  non-polar .  
They a r e  minor c o n s t i t u e n t s  of l i v i n g  organisms. 
d i s p l a y i n g  g r e a t  s t r u c t u r a l  o r d e r ,  and they a r e  probably c a t a b o l i c a l l y  and chemica l ly  
t h e  l e a s t  a c t i v e  b i o l o g i c a l  molecules.  For r easons  d i scussed  above, t h e  q u a l i t i e s  of 
t h e s e  hydrocarbons may permi t  t h e i r  p a r t i a l  escape  from t h e  carbon c y c l e  as w e l l  a s  
i n s u r e  t h e i r  p r e s e r v a t i o n  i n  sediments.  
C30 a lkanes  a r e  t h e  most e a s i l y  i d e n t i f i e d  o r  c h a r a c t e r i z e d  and b e s t  p reserved  of 
t h e  widely d i s t r i b u t e d  remnants of former l ife.9 
of s p e c i f i c  b i o l o g i c a l  a lkanes  t h a t  can r e t a i n  t h e i r  s t r u c t u r a l  i n t e g r i t y  f o r  b i l -  
l i o n s  of y e a r s  i n  sedimentary rocks.10 

C15 t o  C30 a lkanes  a r e  capable  of 

I n v e s t i g a t i o n s  i n d i c a t e  t h a t  c e r t a i n  C 1 5  t o  

P r i s t a n e  and phytane a r e  examples 

ALKANES AS MOLECULAR FOSSILS 

T r a d i t i o n a l l y ,  a f o s s i l  i s  defined a s  a morphological organized  e n t i t y  o r  
remnant of a p r e e x i s t e n t  organism, i r r e s p e c t i v e  of i t s  s i z e  o r  completeness.  Th i s  
concept  of a f o s s i l  has  been extended i n  recent  decades by i n c r e a s i n g  t h e  descrim- 
i n a t i o n  o f  t h e  l e v e l  of obse rva t ion  with the r e s u l t  t h a t  a t  p re sen t  i t  i s  p o s s i b l e  
t o  de te rmine  b i o l o g i c a l l y  produced s t r u c t u r e s  a t  t h e  molecular  o r  even submolecular 
l e v e l .  
t i v e  a t  t h e  atomic l e v e l ,  bu t  s e l e c t i v i t y  is  n o t  s o l e l y  a p rope r ty  of l i v i n g  systems. 
A b i o t i c  a s  w e l l  a s  b i o t i c  r e a c t i o n s  a r e  s e l e c t i v e .  

I s o t o p i c  measurements have demonstrated t h a t  b i o l o g i c a l  processes  a r e  selec- 

The d i f f e r e n c e s  between b io log ica l  and a b i o t i c  products  a r e  d i f f e r e n c e s  of 
deg ree .  C r y s t a l s  of mine ra l s  a r e  o rde red ,  but t h e  o r d e r  of t h e s e  c r y s t a l s  and of 
most inanimate  t h i n g s  may u s u a l l y  be defined by r e l a t i v e l y  simple equa t ions .  Such 
may a l s o  be  t h e  case  wi th  simple b i o l o g i c a l  molecules .  Many amino a c i d s ,  n u c l e i c  
a c i d  bases ,  and o t h e r  o rgan ic  compounds may be syn thes i zed  a b i o t i c a l l y  a s  w e l l  a s  
b i o l o g i c a l l y ,  b u t  t h e  complex i t i e s  and s t r u c t u r e s  of some b i o l o g i c a l  m a t e r i a l s  a r e  
less e a s i l y  comprehended and assayed than those of inanimate  t h i n g s .  I n  a g r o s s  
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s ense ,  w e  accept  a s  evidence of former l i f e  t hose  e n t i t i e s  which d i s p l a y  an o r d e r  
t h a t  i s  n o t  f e a s i b l e  of a b i o t i c  o r i g i n  and t h a t  resembles an o r d e r  found i n  an 
e x i s t i n g  organism o r  i t s  component p a r t .  A molecular f o s s i l ,  t h e r e f o r e ,  must be of 
s u f f i c i e n t  s i z e  t o  be h i g h l y  ordered  and of s u f f i c i e n t  s t a b i l i t y  t o  r e t a i n  a s t r u c -  
t u r e  t h a t  i s  r e l a t a b l e  t o  t h e  s t r u c t u r e  o f  a known b i o l o g i c a l  compound. Research 
c a r r i e d  ou t  under Con t rac t s  NASw508 and 1170 and by o t h e r  i n v e s t i g a t o r s  demonstrate 
t h a t  some C15 t o  C30 a lkanes  a r e  r e l i a b l e  and v e r s a t i l e  molecular f o s ~ i l s 9 , 1 ~ , ~ ~ .  

To e s t a b l i s h  t h a t  a lkanes  may be used a s  f o s s i l s ,  w e  have shown t h a t  a l -  
kanes a r e  made by p l a n t s  and an imals ,  do escape t h e  carbon c y c l e ,  and a r e  preserved  
f o r  geologic pe r iods  of t i m e s  i n  sediments.  W e  have analyzed a v a r i e t y  of a b i o t i c  
a l k a n e s ,  and w e  have found no evidence t h a t  a b i o t i c  processes  can produce a lkanes  
t h a t  a r e  i n d i s t i n g u i s h a b l e  from b i o l o g i c a l l y  der ived  alkanes8312. 
r e s u l t s  ob ta ined  i n  our  l abora to ry  and by o t h e r  i n v e s t i g a t o r s  may be summarized a s  
follows: 

The exper imenta l  

1. Miller-Urey type  syntheses  y i e l d  a lkanes  of r e l a t i v e l y  uniform compo- 
s i t i o n .  A t y p i c a l  gas chromatogram of a b i o t i c  a lkanes ,  which were made by t h e  ir-  
r a d i a t i o n  of methane, i s  shown i n  F igure  1. The broad and skewed Gauss i an - l ike  curve  
i n d i c a t e s  the molecular  weight d i s t r i b u t i o n  but  r e v e a l s  l i t t l e  about t h e  composition 
of t h e s e  complex a lkanes .  Th i s  d i s t r i b u t i o n  does n o t  change s i g n i f i c a n t l y  when t h e  
i r r a d i a t i o n  doses and e n e r g i e s  a r e  v a r i e d  over  a wide range. 

2 .  Alkanes produced by Fischer-Tropsch r e a c t i o n s  a r e  e a s i l y  d i s t i n g u i s h e d  
from b i o l o g i c a l  a lkanesg .  

3 .  Nei the r  e q u i l i b r i a 1 3  nor non-equ i l ib r i a  a b i o t i c  r e a c t i o n s  produce a l -  
kanes which resemble those i n  organisms, t e r res t r ia l  rocks  o r  m e t e o r i t e s .  

4 .  The c o n c e n t r a t i o n s  of a lkanes  i n  f e c a l  l i p i d s  a r e  many t i m e s  t h e  con- 
c e n t r a t i o n s  of a lkanes  i n  t h e  l i p i d s  of b i o l o g i c a l  t i s s u e s 1 4 ,  and t h e  compositions 
of a lkanes  in  cow manure a r e  analogous t o  t h o s e  of t h e  a lkanes  i n  t h e  p l a n t s  which 
a r e  consumed by t h e  cowsl5. 
carbon cyc le ,  i . e . ,  b i o l o g i c a l  a s s i m i l a t i o n . )  

(These r e s u l t s  e s t a b l i s h  t h a t  a lkanes  can  escape  t h e  

5. P r i s t a n e  and phytane a r e  c o n s t i t u e n t s  o f  b i o l o g i c a l  l i p i d s  and terres 
t r i a l  rocks  of many geologic  ages lo .  
alkanes89 1 2 .  

These a lkanes  a r e  n o t  d e t e c t a b l e  i n  a b i o t i c  

6. The s t r u c t u r e s ,  d i s t r i b u t i o n s ,  i s o t o p i c  composi t ions ,  and o p t i c a l  pro- 
p e r t i e s  of some C17-C30 a lkanes  i n  organisms, sed imentary  rocks,  and m e t e o r i t e s  a r e  
s i m i l a r ,  but c e r t a i n  d i s t r i b u t i o n a l  d i f f e r e n c e s  a r e  observe?  i n  t h e  a lkanes  which a r e  
i s o l a t e d  e i t h e r  from d i f f e r e n t  samples o r  from d i f f e r e n t  p o r t i o n s  o f  t h e  same sample. 

7. A knowledge o f  t h e  d i s t r i b u t i o n a l  v a r i a t i o n s  i n  n a t u r a l l y  o c c u r r i n g  
a lkanes  provides a means o f  a s s e s s i n g  whether o r  no t  a sample is contaminated16. 

ANALYTICAL FACILITIES 

Photographs and a f l o o r  p l an  of t h e  o rgan ic  geochemical l a b o r a t o r y  a t  Esso 
Research and Engineering Company a r e  p re sen ted  i n  Appendix 1. 
f a c i l i t i e s ,  t h e  Ana ly t i ca l  Research Div i s ion  o f  ~ s s o  Research and Engineer ing  Company 
main ta ined  i n f r a r e d  and u l t r a v i o l e t  spec t romete r s  ( B a i r d  ~ s s o c i a t e s  Model 4-55 and 

I n  a d d i t i o n  t o  t h e s e  
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Cary Model 14, r e s p e c t i v e l y )  and a Benson-Lehner Oscar J peak r eade r  (used f o r  
measuring mass s p e c t r a )  which were employed i n  t h e s e  i n v e s t i g a t i o n s .  The i s o t o p i c  
c o r r e c t i o n s  and t a b u l a t i o n s  of mass spec t romet r i c  d a t a  were done on an IBM 7090 
computer by t h e  Mathematics Department a t  Esso Research and Engineer ing  Company, 
Florham Park, New J e r s e y .  A l l  f a c i l i t i e s  and a n a l y t i c a l  i n s t rumen t s ,  except  f o r  
t h e  Barber-Colman Model 10 which was purchased wi th  NASA funds,  were supp l i ed  by 
Esso Research and Engineering Company. 

The Barber-Colman, Model 10, gas chromatographic ins t rument  was modified 
t o  e l imina te  "co ldspots"  i n  t h e  i n l e t  system f o r  t h e  c a p i l l a r y  column and t o  i n -  
c r e a s e  t h e  hea t  c a p a c i t y  of t h e  i n l e t  system f o r  t h e  a n a l y t i c a l  and p r e p a r a t i v e  
s c a l e  columns. A v a l v e d - s p l i t  system, a l s o ,  was added t o  c o n t r o l  t h e  d e t e c t o r  and 
c o l l e c t o r  flow r a t e s  of e f f l u e n t  gases  from t h e  p r e p a r a t i v e  s c a l e  columns, and t h e  
g l a s s  chromatographic columns were rep laced  wi th  s t a i n l e s s  s teel  and copper ones 
t o  reduce breakage. Drawings o f  t h e  mod i f i ca t ions  which w e  have made i n  t h e  Barber- 
Colman Model 10 ins t rument  a r e  presented  i n  Appendix 2 .  

Drawings and some photographs of equipment, which w e  designed s p e c i f i c a l l y  
f o r  our  u se  i n  organic  geochemical ana lyses  a r e  shown i n  Appendix 3 .  

ANALYTICAL PROCEDURES 

A l l  samples a r e  processed  i n  t h e  fo l lowing  manner: 

1. The sample is  e x t r a c t e d .  

2 .  Elemental s u l f u r ,  i f  p r e s e n t ,  i s  removed. 

3 .  The e x t r a c t  i s  f r a c t i o n a t e d  by s i l i c a  g e l  chromatography. 

4 .  The a lkane  f r a c t i o n  and o c c a s i o n a l l y  o t h e r  f r a c t i o n s  a r e  ana lyzed  by 
i n f r a r e d  and u l t r a v i o l e t  spec t roscopy,  g a s - l i q u i d  chromatography and mass s p e c t r o -  
metry. 

5 .  Alumina chromatography and g a s - l i q u i d  chromatography a r e  used t o  ob- 
t a i n  r e f i n e d  f r a c t i o n s  of c e r t a i n  a lkanes  and o r g a n i c  non-hydrocarbons f o r  a n a l y s e s  
l i s t e d  under 4 and f o r  o p t i c a l  r o t a t o r y  d i s p e r s i o n  measurements. The d e t a i l e d  ana ly -  
t i c a l  procedures a r e :  

- Solvent P u r i f i c a t i o n .  Benzene, carbon t e t r a c h l o r i d e ,  n-heptane,  and 
methanol were t h e  p r i n c i p a l  s o l v e n t s  used i n  t h e s e  i n v e s t i g a t i o n s .  A l l  s o l v e n t s  
were reagent  grade and they were d i s t i l l e d  p r i o r  t o  use .  
appa ra tuses  were maintained f o r  each of t h e  p r i n c i p a l  s o l v e n t s .  These appa ra tuses  
were equipped wi th  2 '  g l a s s  h e l i c e s  pack columns and r e f l u x  heads .  The d i s t i l l a t i o n  
appa ra tuses  a r e  shown i n  t h e  photographs of t h e  l a b o r a t o r y  i n  Appendix 1. D i s t i l l e d  
water  was e x t r a c t e d  wi th  benzene. 

I n d i v i d u a l  d i s t i l l a t i o n  

Tubing, Stopcocks,  F i t t i n g s  , Wrappings, and Cover ings .  P l a s t i c  and rubber  
tub ing  o r  f i t t i n g s  and g l a s s  s topcocks  a r e  sou rces  of contaminants .  A l l  t ub ing ,  
f i t t i n g s ,  and s topcocks ,  which were exposed t o  s o l v e n t s  i n  our  l a b o r a t o r y ,  were made 
o f  t e f l o n .  Reynolds aluminum wraps were used f o r  sample wrappings and cove r ing  con- 
t a  i n e r s  . 
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Reagents. Repeated tes t s  were run on reagents  t o  i n s u r e  t h a t  they were 
f r e e  of s i g n i f i c a n t  contaminants before  t h e  reagents were used f o r  a n a l y t i c a l  pur- 
poses.  

Glassware and Porce la in  and Teflon Utens i l s .  A l l  u t e n s i l  were cleaned 
i n  a 1:l HzS04-HN03 a c i d  ba th  maintained a t  130"c, 
r i n s e d  successively i n  d i s t i l l e d  water ,  methanol, and benzene. 

The a c i d  cleaned u t e n s i l s  were 

Ana ly t i ca l  Blanks. Complete a n a l y t i c a l  blanks were run on each s t e p  of 
sample p repa ra t ions .  Acid cleaned g l a s s  beads o r  porce la in  c h i p s  were used a s  
blanks f o r  rock and meteor i te  samples. 

Ex t r ac t ions .  Benzene-methanol (9: l  v / v  t o  2:1 v /v  was most commonly e m -  
ployed a s  the e x t r a c t i o n  so lven t ,  but a l imi t ed  number of samples were e x t r a c t e d  
with benzene-methanol and then with n-heptane. Rocks and meteor i tes  were crushed 
and pulver ized i n  mortar with p e s t l e ,  d i s c  gr inders ,  o r  b a l l  m i l l s .  Samples, which 
were c a r e f u l l y  c o l l e c t e d  and handled s o  a s  t o  make contamination h ighly  un l ike ly ,  
were crushed and ex t r ac t ed .  Samples, with incompletely c o n t r o l l e d  c o l l e c t i o n  o r  
s t o r a g e  h i s t o r i e s ,  w e r e  e x t r a c t e d  i n  s t ages .  The whole samples were e x t r a c t e d  and 
then they were crushed and r e e x t r a c t e d .  The crushed rocks o r  meteor i tes  were f i n a l l y  
immersed f o r  1 day t o  7 days i n  h o t  (60-BOOC.) 48 percent  hydrof luor ic  ac id  and t h e  
HF s l u r r y  was extracted16.  
by one of t h r e e  means. The e x t r a c t i o n s  were done i n :  (1) a 150 wat t  u l t r a s o n i c  ex- 
t r a c t o r  a t  an ope ra t ing  frequency of 20 kcy sec; (2)  Soxhlet  e x t r a c t o r s ;  o r  ( 3 )  the  
b a l l  m i l l - e x t r a c t o r  ( s e e  Appendix 3 ) .  The HF s l u r r i e s  were e x t r a c t e d  i n  2 - l i t e r  g l a s s  
separa tory  funnels ,  us ing  benzene a s  the e x t r a c t i o n  so lven t .  The HF t reatments  were 
c a r r i e d  ou t  i n  1 - l i t e r  Teflon beakers.  The Soxhlet  and b a l l - m i l l - e x t r a c t o r  ex t r ac -  
t i o n s  were performed under a p re s su re  of f i l t e r e d  n i t rogen .  The n i t rogen  (5  psig)  
was passed through a s i l i c a  g e l  t r a p  and entered t h e  e x t r a c t i o n  apparatus  by means 
o f  a n  unsecured b a l l - j o i n t  a t  t h e  t o p  of a condenser. The unsecured j o i n t  served 
a s  t h e  p re s su re  c o n t r o l  f o r  t h e  system. 

Ex t rac t ions  o f  whole and crushed samples were accomplished 

Sample Recovery. Samples were recovered from so lven t s  i n t t h e  sample re- 
covery system shown i n  Appendix 3. 
r e c e p t i c l e s  (48)  f o r  200 m l  beaks. Aluminum i n s e r t s  a r e  a v a i l a b l e  fo r  adapt ing the  
r e c e p t i c l e s  t o  accommodate e i t h e r  28 ml ( 1  02.) b o t t l e s  o r  8 m l  v i a l s .  Containers 
l a r g e r  than 200 ml volume a r e  placed on top of t h e  recovery system. Nitrogen a t  30 
p s i g  i s  f i l t e r e d  through a series o f  two s i l i c a  g e l  columns and a g l a s s  wool packed 
column and i t  i s  d i r e c t e d  by a manifold in to  t h e  sample b o t t l e s .  Solvents and vol-  
a t i l e  c z z s t i t u e n t s  (a lkanes and o t h e r  organic compounds with vapor pressures  g r e a t e r  
t han  C15 hydrocarbons) a r e  removed i n  t h e  ni t rogen streams. 

This system i s  maintained a t  40 _+ 1°C. and i t  has  

Su l fu r  Removal. Many rocks and meteori tes  con ta in  elemental  s u l f u r .  The 
removal of s u l f u r  from t h e  e x t r a c t s  of rocks o r  meteor i tes  can be accomplished e i t h e r  
by adding c o l l o i d a l  copper t o  t h e  e x t r a c t i n g  so lven t  o r  by passing an e x t r a c t  i n  
s o l u t i o n  through a column of c o l l o i d a l  copper17. 

Elemental s u l f u r  may be separated from t h e  aromatic hydrocarbons and the  
n i t r o g e n ,  s u l f u r  and oxygen conta in ing  (organic non-hydrocarbons) carbon compounds 
by s i l i c a  g e l  chromatography. Elemental s u l f u r  i s  e l u t e d  from s i l i c a  ge l  columns 
by carbon t e t r a c h l o r i d e .  Since some organic non-hydrocarbons may r e a c t  with c o l l o i d a l  
copper ,  i t  i s  sometimes d e s i r a b l e  t o  i s o l a t e  t he  s u l f u r  and alkanes from an e x t r a c t  
by s i l i c a  g e l  chromatography; then t h e  su l fu r  may be removed from the i n e r t  alkanes 
on a c o l l o i d a l  copper column. 

Liquid-Sol id  Chromatography. S i l i c a  g e l  chromatography with n-heptane, 
carbon t e t r a c h l o r i d e ,  benzene, and methonal a s  successive e l u a n t s  i s  used t o  f r a c -  
t i o n a t e  a l l  e x t r a c t s .  The n-heptane and carbon t e t r a c h l o r i d e  e l u a n t s  a r e  composed 
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of a lkanes  ( p l u s  e lementa l  s u l f u r  when i t  i s  p r e s e n t ) .  The benzene e l u a t e s  c o n t a i n  
mainly aromatic hydrocarbons p lus  some e s t e r s ,  a l c o h o l s ,  and o t h e r  o rgan ic  non- 
hydrocarbons. The methanol e l u a t e s  a r e  composed of organic  non-hydrocarbonsl8. 

Alumina columns a r e  s u p e r i o r  t o  s i l i c a  g e l  columns f o r  type s e p a r a t i o n s  
of e i t h e r  a lkanes  o r  a romat ic  hydrocarbons and f o r  s e p a r a t i n g  hydrocarbons from 
organic  non-hydrocarbons, but  s i l i c a  g e l  columns a r e  b e t t e r  than alumina columns 
f o r  s e p a r a t i n g  a lkanes  from aromat ic  hydrocarbons. A l i m i t e d  number of alumina 
chromatographic f r a c t i o n a t i o n s  were c a r r i e d  out  i n  t h i s  i n v e s t i g a t i o n .  The pro- 
cedures  used i n  t h e s e  f r a c t i o n a t i o n s  have been p rev ious ly  described''. 

I n f r a r e d  Spectroscopy. Scans were ob ta ined  e i t h e r  a s  smears on sodium 
c h l o r i d e  windows o r  i n  s p e c t r a l  grade carbon b i s u l f i d e  s o l u t i o n s  i n  matched 0 . 1  m .., 
l eng th  c e l l s  equipped wi th  sodium c h l o r i d e  windowsla. 

U l t r a v i o l e t  and Visua l  Spectroscopy. U l t r a v i o l e t  and v i s u a l  s p e c t r a  were 
run i n  matched 1-cm l eng th  c e l l s  equipped wi th  q u a r t z  windows, and s p e c t r a l  g rade  
i so -oc tane  was used a s  s o l v e n t l 8 .  

Mass Spectrometry.  Samples were in t roduced  as l i q u i d s  through ga l l ium 
covered f r i t s  o r  a s  s o l i d s  through t h e  s o l i d s - i n l e t  system. Desc r ip t ions  and d i s -  
cuss ions  of t h e  a c q u i s i t i o n ,  computation, and i n t e r p r e t a t i o n  of mass s p e c t r a l  d a t a  
have been pub1 i s h e d l 8 .  

Gas-Liquid Chromatographic (GLC) Analyses.  Major a t t e n t i o n  i n  t h e s e  i n -  
v e s t i g a t i o n s  were pa id  t h e  a lkanes ,  and the  columns used i n  GLC were s e l e c t e d  on 
t h e  b a s i s  of t h e i r  e f f i c i e n c y  i n  a lkane  f r a c t i o n a t i o n s .  Apiezon "L" o r  t h e  n- 
heptane  e l u a t e s  of Apiezon "L" from s i l i c a  g e l  chromatographic columns provided 
t h e  b e s t  s u b s t r a t e s  f o r  t h e  GLC ana lyses  of a lkanes .  Our c a p i l l a r y  columns were 
coa ted  by 10 pe rcen t  s o l u t i o n s  of Apiezon "L" i n  n-hexane o r  n-heptane.  Analabs 
80-90 mesh ABS coa ted  wi th  10% Apiezon "L" o r  SE-30 i n  benzene were commonly e m -  
ployed a s  packings f o r  a n a l y t i c a l  and p r e p a r a t i v e  s c a l e  columns. The i n l e t  a rgon  
p res su res  f o r  t h e  c a p i l l a r y  and f o r  t h e  a n a l y t i c a l  and p r e p a r a t i v e  s c a l e  columns 
were u s u a l l y  30 p s i g  and 20-10 p s i g  r e s p e c t i v e l y .  A s p l i t  r a t i o  of 35: l  was nor -  
mally maintained on t h e  c a p i l l a r y  columns, and t h e  e f f l u e n t  s p l i t t i n g  on t h e  ana ly -  
t i c a l  and prep columns were v a r i e d  by t h e  va lve  (see Appendix 2) t o  o b t a i n  a s a t i s -  
f a c t o r y  d e t e c t i o n  l e v e l .  A scavenge r a t e  of 85-100 ml/min. a rgon  was used on t h e  
d e t e c t o r s .  The  a n a l y t i c a l  and prep  columns were tempera ture  programmed a t  1-2OC.l 
min. f o r  t h e  ranges of 50-300OC. f o r  Apiezon "I," columns and 100-375°C. f o r  SE 30 
columns. An e f f o r t  was made t o  vary  t h e  c h a r t  speeds  and tempera ture  programs f o r  
d i f f e r e n t  c a p i l l a r y  columns s o  t h a t  t h e  chromatograms ob ta ined  wi th  t h e s e  columns 
had s i m i l a r  appearances.  Char t  speeds of 7.5 and 15 i n . / h r .  and tempera ture  i n -  
c r e a s e s  of 2"  and 4OC./min. f o r  t h e  70-3OO0C. range  were most f r e q u e n t l y  used f o r  
t h e  c a p i l l a r y  columns. 

I n l e t  t empera tures  of 400-450OC. were main ta ined  f o r  b i o l o g i c a l  and sed- 
imenta l  a lkanes,  but a b i o t i c  a lkanes  were s e v e r e l y  degraded a t  t empera tures  i n  ex- 
cess of 30OOC. Except f o r  s t u d i e s  of t h e  thermal deg rada t ions  o f  a b i o t i c  a lkanes ,  
t h e  i n l e t  temperatures f o r  t h e s e  hydrocarbons were i n  t h e  250-270°C. range.  
v ious  pub l i ca t ions  p re sen t  a d d i t i o n a l  in format ion  about  t h e  o p e r a t i n g  cond i t ions12 .  

Pre-  

Ana ly t i ca l  C a p a b i l i t i e s  and L i m i t a t i o n s .  GLC a n a l y s e s ,  u s i n g  c a p i l l a r y  
columns and the mic ro ion iza t ion  d e t e c t o r  (radium s u l f a t e  s o u r c e ) ,  can  provide  de- _ -  
f i n i t i v e  chromatograms of 2 micrograms of a lkanes .  
d i c a t e  t h a t  i n  our  a n a l y t i c a l  procedures we r a r e l y  i n t r o d u c e  more than  1 microgram 
of a lkanes  i n t o  a sample. 

Complete a n a l y t i c a l  b lanks  i n -  

We have r epea ted ly  o b t a i n e d  r e p r o d u c i b l e  c h a r a c t e r i z a t i o n s  
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of a lkanes  which comprise a s  low a s  5 p a r t s  per 100 m i l l i o n  p a r t s  by weights  of 
rocks .  We have no t  observed s i g n i f i c a n t  v a r i a t i o n s  of t h e  s i z e  o f  our  a n a l y t i c a l  
b lanks  when t h e  q u a n t i t i e s  of our  s o l v e n t s  and r eagen t s  a r e  v a r i e d  over a wide 
range.  Although i t  i s  r epor t ed  t h a t  p r i s t a n e  and phytane a r e  p re sen t  i n  concent ra -  
t i o n s  of 10-7 t o  10-8 p a r t s  by weight i n  reagent  grade and d i s t i l l e d  r eagen t  grade 
so lven t s20 ,  b lanks  on 10 l i t e r  p o r t i o n s  o f  our s o l v e n t s  c o n s i s t e n t l y  i n d i c a t e  t h a t  
t h e s e  s o l v e n t s  c o n t a i n  less than  
Our r e s u l t s  sugges t  t h a t  t h e  i n l e t  system o r  c a p i l l a r y  columns of t he  Barber-Colman 
Model 10 ins t rument ,  r a t h e r  than  our  reagents ,  s o l v e n t s ,  and l a b o r a t o r y  f a c i l i t i e s ,  
may be t h e  p r i n c i p a l  sources  o f  a n a l y t i c a l  blanks. Furthermore,  i t  would appear  
t h a t  our  a n a l y t i c a l  f a c i l i t i e s  and procedures cou ld  permit us t o  o b t a i n  r e l i a b l e  
ana lyses  of 1 kilogram samples t h a t  c o n t a i n  5 x lom9 p a r t s  by weight of a lkanes .  

p a r t s  by weight of a l l  C15 and l a r g e r  a lkanes .  

JOINT RESEARCH PROGRAMS 

Seve ra l  geo log ica l ,  pa l eon to log ica l ,  and paleobiochemical i n v e s t i g a t i o n s  
have been conducted j o i n t l y  wi th  D r .  E .  S .  Barghoorn and M r .  J .  W. Schopf of Harvard 
U n i v e r s i t y .  These i n v e s t i g a t i o n s  have provided inva luab le  checks on t h e  r e l i a b i l i t y  
of a lkanes  a s  molecular f o s s i l s .  I n  s t u d i e s  of t h e  rocks  from t h e  1 b i l l i o n  y e a r  
o l d  Nonesuch formation, a lkane  ana lyses  provided t h e  i n i t i a l  evidence f o r  Precambrian 
l i f e ,  and t h i s  evidence was confirmed by pa leon to log ica l  a n a l y s e s .  I n  t h e  c a s e s  of 
rocks  from t h e  2 b i l l i o n  yea r  o l d  G u n f l i n t  and 3 b i l l i o n  y e a r  o l d  F i g t r e e  format ions ,  
t h e  p a l e o n t o l o g i c a l  ev idences  f o r  l i f e  were confirmed by a lkane  a n a l y s e s .  De ta i l ed  
d i s c u s s i o n s  of t h e  i n v e s t i g a t i o n s  of t h e  Nonesuch and G u n f l i n t  samples have been 
pub l i shed lo ,  and t h e  r e s u l t s  of t h e  F i g t r e e  s t u d i e s  have been submi t ted  f o r  pub l i -  
ca t ion21 .  

As a p a r t  of an  i n v e s t i g a t i o n  of me teo r i t e s  c a r r i e d  o u t  wi th  D r .  C l i f f o r d  
Frondel ,  Harvard Un ive r s i ty ,  w e  conducted an ex tens ive  s tudy  of t h e  s e n s i t i v i t y  of 
ou r  a n a l y t i c a l  p rocedures ,  t h e  contamination problem, and t h e  compositions of meteor- 
i t i c  a l k a n e s .  W e  ana lyzed  many m e t e o r i t i c  e x t r a c t s ,  every  d i r e c t  o r  i n d i r e c t  souce 
of a l k a n e s  i n  our  l a b o r a t o r y ,  and 50 t o  150 yea r  o l d  t each ing  specimens o f  minera ls  
from t h e  Harvard Museum. These ana lyses  may be summarized a s  fo l lows:  

1. Our a n a l y t i c a l  methods provide r ep roduc ib le  c h a r a c t e r i z a t i o n s  of a l -  
kanes which comprise a s  low a s  

2 .  

p a r t s  by weight of rocks  and m e t e o r i t e s .  

We e x t r a c t  an average of more than 10-4 p a r t s  of o rgan ic  m a t e r i a l  by 
weight from o rd ina ry  c h o n d r i t e s .  

3 .  The average  concen t r a t ion  of a lkanes  i n  t h e s e  c h o n d r i t i c  e x t r a c t s  i s  
i n  excess  o f  20 per  c e n t ,  and t h e  c h o n d r i t i c  a lkane  and o rgan ic  non-hydrocarbon 
f r a c t i o n s  a r e  o p t i c a l l y  a c t i v e .  

4 .  We have n o t  found contaminants i n  our l a b o r a t o r y  which a r e  a f e a s i b l e  
sou rce  of t h e  c h r o n d r i t i c  e x t r a c t s .  

5. We have found evidence t h a t  some rocks i n  t h e  Harvard Museum a r e  con- 
t amina ted .  

6 .  Although t h e  contaminants of t h e s e  rocks a r e  more v a r i a b l e  i n  composi- 
t i o n  t h a n  t h e  c h o n d r i t i c  e x t r a c t s ,  t h e  contaminants i n  3 of t h e  7 rocks analyzed do 
c o n t a i n  a l k a n e s  s i m i l a r  t o  t h e  c h r o n d r i t i c  a lkanes ,  and a n  organic  non-hydrocarbon 
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f r a c t i o n  from one o f  t h e  rock samples d i s p l a y s  a p o s i t i v e  Colton E f f e c t  s i m i l a r  t o  
t h a t  of t h e  c h o n d r i t i c  organic  non-hydrocarbons. 

7 .  E x t r a c t  o f  human hands c o n t a i n  o rgan ic  non-hydrocarbons t h a t  have 
o p t i c a l  p r o p e r t i e s  s i m i l a r  t o  those  of t h e  organic  non-hydrocarbons from t h e  rock  
and chondr i t e s .  

8. T e c t i t e s  do n o t  c o n t a i n  d e t e c t a b l e  q u a n t i t i e s  of o rgan ic  m a t t e r .  

9.  Our ana lyses  of thoroughly c l eansed  o c t a h e d r i t e s  and hexahedr i t e  show 
t h a t  t h e s e  i r o n  m e t e o r i t e s  a r e  devoided of a lkanes .  These r e s u l t s  d i sp rove  t h e  
hypothesis22 t h a t  m e t a l l i c  c a r b i d e s  i n  m e t e o r i t e s  may r e a c t  w i th  water  t o  produce 
petroleum-type hydrocarbons.  

The a lkanes  i s o l a t e d  from t h e  Bath, Grady #2, Holbrook, Homestead, and 
Waconda chondr i t e s  a r e  almost i d e n t i c a l  i n  composition. A gas chromatogram of t h e s e  
a lkanes  a r e  p re sen ted  i n  F igure  2 ,  and p a r t i a l  gas chromatograms of a lkanes  from t h e  
Holbrook chondr i t e  and a Cambrian c rude  o i l  a r e  shown i n  F igu re  3 .  These ana lyses  i n  
F igu re  3 permit a d i r e c t  comparison of t h e  numbers, spac ings ,  r e l a t i v e  s i z e s ,  and 
shapes of the peaks t h a t  a r e  in t e rmed ia t e  t o  t h e  n - p a r a f f i n  peaks. For example, 
compare t h e  peaks between n-C20 and n-C21. The n-C20 peaks a r e  followed i n  succes-  
s i o n  by a s m a l l  sha rp  peak, a complex peak, a t r i p l e t  o f  s h a r p  but incomple te ly  re- 
so lved  peaks and a small  doub le t .  Comparisons of  t h e  peaks throughout t h e  n-C17 t o  
n-C24 reg ions  o f  t h e s e  chromatograms provide s t r o n g  evidence t h a t  a lkanes  i n  some 
m e t e o r i t e s  and t e r r e s t r i a l  rocks a r e  s i m i l a r .  Such s i m i l a r i t i e s  a s  a r e  observed i n  
t h e s e  chromatograms a r e  commonly observed i n  t h e  chromatograms of a lkanes  from rocks  
of a l l  geo log ic . ages .  A comparison of F igures  1 and 2 o r  of F igu re  2 w i th  t h e  pub- 
l i s h e d  chromatogram of Fischer-Tropsch a lkanes12  show t h a t  a b i o t i c  a lkanes  may be 
r e a d i l y  d i s t i n g u i s h e d  from sedimenta l  and m e t e o r i t i c  a lkanes .  

Whereas our  ana lyses  of m e t e o r i t e s  s t r o n g l y  i n d i c a t e  t h a t  o rd ina ry  chon- 
d r i t e s  con ta in  a lkanes  of b i o l o g i c a l  o r i g i n ,  t h i s  j o i n t  m e t e o r i t i c  i n v e s t i g a t i o n  em-  
phas i zes  t h a t  contaminat ion  i s  a major problem i n  o rgan ic  geochemical i n v e s t i g a t i o n s .  
We b e l i e v e  t h a t  our ana lyses  of m e t e o r i t e s  and t e r r e s t r i a l  rocks  have p laced  impor- 
t a n t  boundary c o n d i t i o n s  on t h e  contaminat ion  problem. 
i n  the  molecular weight d i s t r i b u t i o n s  and t h e  c o n c e n t r a t i o n s  of a lkanes  i n  contaminated 
minera l  samples from t h e  Harvard Museum a r e  i n  c o n t r a s t  t o  t h e  u n i f o r m i t i e s  i n  com- 
p o s i t i o n s  and concen t r a t ions  of a lkanes  from t h e  c h o n d r i t e s ,  a n a l o g i e s  do e x i s t  be- 
tween t h e  ana lyses  of t h e  e x t r a c t s  of t h e  rocks  and o rd ina ry  c h o n d r i t e s .  These ex- 
t r a c t s  con ta in  a lkanes  s i m i l a r  t o  those  found i n  broad d i s t i l l a t e  f r a c t i o n s  of p e t r o -  
leum. Thus, t h e  a lkanes  could have ccjme from petroleum products  such a s  l u b r i c a t i n g  
o i l ,  h a i r  d re s s ings ,  f u r n i t u r e  p o l i s h ,  o r  f l o o r  c l e a n i n g  compounds, and t h e  composi- 
t i o n a l  v a r i a t i o n s  of t h e  contaminants i n  t h e  mine ra l  samples could  r e f l e c t  d i f f e r e n c e s  
i n  t h e  p o r o s i t i e s  and a d s o r p t i v i t i e s  of t h e s e  samples.  Furthermore,  t h e  s i m i l a r i t i e s  
i n  t h e  o p t i c a l  p r o p e r t i e s  of hand e x t r a c t s  and t h e  o r g a n i c  non-hydrocarbons from t h e  
c h o n d r i t e s  and rock sugges t  t h a t  contaminants may have been in t roduced  i n t o  t h e  
museum specimens by handl ing .  

Although t h e  marked v a r i a t i o n s  

Our r e s u l t s  do not  prove t h a t  t h e  o r d i n a r y  c h o n d r i t e s  were contaminated 
but  they i n d i c a t e  t h i s  p o s s i b i l i t y .  The d i f f i c u l t i e s  involved  i n  e s t a b l i s h i n g  t h e  
source  of t h e  c h o n d r i t i c  e x t r a c t s  a r e  probably a t y p i c a l .  Success ive  e x t r a c t s  of 
t e r r e s t r i a l  rocks,  u n l i k e  t h e  success ive  e x t r a c t s  of c h o n d r i t e s ,  u s u a l l y  vary  i n  
composi t ion .  For example, n - p a r a f f i n s  were t h e  p r i n c i p a l  a lkanes  i n  t h e  e x t r a c t s  
of whole rocks from t h e  2 . 7  b i l l i o n  yea r  o l d  Soudan fo rma t ion ;  whi le  branched c h a i n  
and cyc loa lkanes  were dominant i n  t h e  e x t r a c t s  o b t a i n e d  from t h e s e  e x t r a c t e d  rocks  
a f t e r  c rush ing  and r e e x t r a c t i n g  them. Such compos i t iona l  v a r i a t i o n s  i n  d i f f e r e n t  
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FIGURE 2 .  GAS-LIQUID CHROMATOGRAM OF ALKANES FROM BATH, GRADY #2, HOLBROOK, 
HOMESTEAD, AND WACONDA CHONDRITES 
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e x t r a c t s  of rocks  provide  an assessment of the p l ace  of o r i g i n  of t h e  a lkanes .  The 
Soudan r e s u l t s 1 6  c l e a r l y  i n d i c a t e  t h a t  t he  b i o l o g i c a l  a lkanes  a r e  indigenous,  and 
t h e  chromatographic f r a c t i o n a t i o n s ,  which separa ted  porphyr ins  from a lkanes ,  i n  t h e  
1 b i l l i o n  yea r  o l d  Nonesuch formation a l s o  supply s t r o n g  evidence t h a t  l i v i n g  organ- 
i s m s  were co-depos i ted  wi th  t h e  Nonesuch sediments23. 
carbons w i t h i n  a s p e c i f i c  e x t r a c t  may sometimes i n d i c a t e  whether o r  not  a sample i s  
s i g n i f i c a n t l y  contaminated. The concen t r a t ions  of a lkanes  and aromatic hydrocarbons,  
t h e  h igh  abundances of odd carbon number C21 t o  c29 n - p a r a f f i n s ,  t h e  presence of 
p r i s t a n e  and phytane, t h e  s i m p l i c i t y  o f  t h e  aromatic f r a c t i o n s  i n  our e x t r a c t s  of 
t h e  Orguei l  carbonaceous c h o n d r i t e s  can  n o t  be  r e a d i l y  expla ined  by assuming t h a t  
m e t e o r i t e  was contaminated e i t h e r  wi th  petroleum products  o r  t e r r e s t r i a l  organisms8, 18. 
The Orgue i l  fragments which w e  have analyzed appa ren t ly  conta ined  indigenous compounds 
of b i o l o g i c a l  o r i g i n .  

The d i s t r i b u t i o n s  of hydro- 

We a r e  c a r r y i n g  o u t  a j o i n t  research  p r o j e c t  on t h e  o p t i c a l  p r o p e r t i e s  of 
a lkanes  and organic  non-hydrocarbons from t e r r e s t r i a l  rocks and me teo r i t e s  wi th  D r s .  
K.  Mislow and P. Laur of P r ince ton  Un ive r s i ty .  The o p t i c a l  measurements d i scussed  
above were obta ined  a s  a p a r t  of t h i s  j o i n t  p r o j e c t ,  and a manuscr ip t ,  d e s c r i b i n g  
our r e s e a r c h ,  i s  being prepared  f o r  pub l i ca t ion .  

CURRENT STATUS 

Three of t h e  major o b j e c t i v e s  of these i n v e s t i g a t i o n s  have appa ren t ly  been 
achieved .  The widespread use  of a lkanes  i n  p a l e o b i o l o g i c a l  research10,16,20 and t h e  
presence  of p r i s t a n e ,  phytane,  and o t h e r  i soprenoid  type hydrocarbons i n  hydrocarbons 
i n  organisms and a n c i e n t  rocks10,16a20a24 confirm t h a t  a lkanes  a r e  r e l i a b l e ,  d e t e c t -  
a b l e  and s t a b l e  b i o l o g i c a l  i n d i c a t o r s .  

Under Cont rac t  Nos. NASw-508 and -1170 a n a l y t i c a l  methods have been dev i sed  
and t e s t e d  t h a t  provide  means o f  o b t a i n i n g  d e f i n i t i v e  ana lyses  of a lkanes  t h a t  a r e  
p r e s e n t  i n  samples i n  t h e  p a r t s  per b i l l i o n  by weight range.  I n  excess  of 1200 gas 
chromatograms, 2000 l i q u i d - s o l i d  chromatographic ana lyses ,  and 500 mass s p e c t r a  have 
been recorded  f o r  a lkanes  o r  o t h e r  benzene-soluble c o n s t i t u e n t s  of organisms, sed- 
imentary rocks,  m e t e o r i t e s ,  and a b i o t i c  products ,  and i n  c o l l a b o r a t i o n  wi th  o t h e r  
i n v e s t i g a t o r s  spec t rophotometr ic  ana lyses  have been run on more than  50 t e r r e s t r i a l  
and m e t e o r i t i c  samples. Multigram q u a n t i t i e s  of a lkanes  have been i s o l a t e d  from 
seven  b io iog ica?  azd five sedimentel sources.  Extens ive  e f f o r t s  have been made t o  
i d e n t i f y  a lkanes  from a >1 kilogram f r a c t i o n  o f  petroleum a lkanes ,  and more than  2 5  
r e f e r e n c e  C15 t o  C30 a lkanes  have been c o l l e c t e d .  
b u t t e r ,  and a tandem gas chromatographic-mass spec t romet r i c  ana lyses  run  by D r .  S. R .  
Lipsky of Yale U n i v e r s i t y  confirms t h i s  i d e n t i f i c a t i o n .  Ten ta t ive  i d e n t i f i c a t i o n s  
have been obta ined  of s i x  i soprenoid- type  a lkanes  i n  Vib r io  pont icus  and of dihydro- 
squa lene  i n  pe t ro l euml l .  

Phytane has  been i d e n t i f i e d  i n  

Three new a n a l y t i c a l  methods were i n i t a l l y  developed i n  our  l abora to ry .  
These methods a f f o r d  means of a s say ing  t h e  d i s t r i b u t i o n s  of benzene s o l u b l e  mater- 
i a l s  i n  n a t u r a l  samples and of a s s e s s i n g  the sou rce  of t h e s e  m a t e r i a l s .  We b e l i e v e  
t h a t  s u f f i c i e n t  in format ion  has been gathered t o  permit t h e  development of i n s t r u -  
ments f o r  t h e  ana lyses  of a lkanes  t h a t  may be p re sen t  on o t h e r  c e l e s t i a l  bodies .  
A d d i t i o n a l  in format ion  about t h e  compositions and d i s t r i b u t i o n s  of a lkanes  i n  t e r -  
r e s t r i a l  samples and m e t e o r i t e s  should inc rease  t h e  use fu lness  of t h e s e  impor tan t  
b i o l o g i c a l  i n d i c a t o r s  i n  exob io log ica l  i n v e s t i g a t i o n s .  
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APPENDIX I 

LABORATORY FACILITIES 



I 

. /  

1. VIEW FROM RIGHT REAR OF LAB SHOWING DISTILLATION APPARATUSES USED FOR SOLVENT P U R I F I C A -  
T I O N  AND HEATED I N L E T  SYSTEM FOR MASS SPECTROMETER 



11. VIEW ACROSS RIGHT REAR OF LAB SHOWING MASS SPECTROMETER 



111. VIEW ACROSS LEFT FRONT O F  LAB SHOWING FROM RIGHT TO LEFT THE ULTRASONIC EXTRACTOR, 
A C I D  HOOD AND ACID BATH FOR CLEANING GLASS-, PORCELAIN-, AND TEFLONWARE, AND SAMPLE 
RECOVERY SYSTEM 



IV. VIEW FROM LEFT FRONT TO REAR OF LAB SHOWING LEFT TO RIGHT THE BARBER-COT." GC, MASS 
SPECTROMETER, LARGE SOXHLET TYPE EXTRACTORS 



.' 
c 

c 

v *  VIEW SHOWING SAMPLE RECOVERY SYSTEM AND HOODED DESK FOR LIQUID-SOLID CHROMATOGRAPHIC 
ANALYSES 



i 

VI. VIEW ALONG LEFT SIDE OF LAB SHOWING SAMPLE STORAGE (DRY BOX), BARBER-COLMAN GC, LARGE 
EXTRACTORS , AND MASS SPECTROMETER 



II 12 

. 

Front 

IO 

9 0 

I 
TABLE 

VIIS LAB ??LOOR PLAN 

n 
Rear 

I- ULTRASONIC EXTRACTOR 
2-HOT ACID B&TH 
3- S l i r l X E  REWdERY SYSTEM 
4- HOOD FOR CHROMATOGRAPHY 
5- DISTILLATION UNITS 

R i g h t  

FOR SOLVENT PURIFICATION 
6- MODEL 21- 103 MASS SPECTROMETER- 

( 
CONSOLIDATED ENGINEERING CORP 
PASADENA CALIF: 

7- GAS CHROMATOGRAPH 
BARBER COLEMEN MOML IO MODIFIED 

&LARGE SOXHLET EXTRI\CTDR 
+ STAINLESS STEEL BALL 

MILL- EXTRACTOR 
IO-SAMPLE STORAGE CABINET 

NITROGEN ATMOSPHERE 
II- OVEN 
12-FIREPROOF SOLVENT STORAGE CABINET 



APPENDIX 2 

MODIFICATIONS OF BARBER-COLMAN 

MODEL 10 GAS CHROMATOGRAPHIC 

INSTRUMENT 



MODIFIED INLET FOR PREP 
AND ANALYTICAL COLUMNS r 

-SPLITTING 
"T" 

MODI FIE D COLLECTOR 
HEATER FOR PREP AND 
ANALYTICAL COLUMN 
THREADS DIRECTLY 
INTO CELL BATH 

-SAMPLE INLET FOR 
CAPILLARY COLUMN 

I. MODIFICATIONS OF BARBER-COLMAN MODEL 10 GAS CHROMATOGRAPHIC INSTRUMENT 



1/4" CU. rSEPT"> TUBING 

INSULATION 

-COLUMN IY 
11. MODIFIED HEATED I N L E T  SYSTEM FOR PREPARATORY SCALE AND ANALYTICAL COLUMNS 



SHAFT 

/ T O  DETECTOR CELL 

(TEFLON) \ r V A L V E  SEAT 
VALVE PACKING 

Y VALVE STEMJ 

LTO COLLECTOR SCAVENGE 1 

111. VALVE FOR CONTROLLING SPLIT RATIO OF EFFLUENT GASES FROM PREP COLUMN THROUGH 
DETECTOR AND COLLECTOR 



. .. t 
8 

BALL JOINT 

IV. COLLECTOR FOR P R E P  COLUMN FRACTIONS. SOLVENTS OR COOLING SOLUTION COULD BE 
ADDED TO INCREASE COLLECTION E F F I C I E N C Y .  



APPENDIX 3 

SPECIAL EQUIPMENT 



COPPER DRYING STEEL DRYING TOWERS FILLED 
WITH ACTIVATED SILICA GEL. 

GLASS WOOL. 

HOUSE NITROGEN 

VALVED MANIFOLD 

DUST SHIELDS 

DEPTH) FOR 

( 4 0 ° C )  BATH. 

ALUMINUM INSERTS TO 
ADAPT RECEPTACLES TO 
TAKE I 02. BOTTLES AND 

8 ml. VIALS 

I- SAMPLE RECOVERY SYSTEM 



m 

BALMILL-EXTRACTOR 



FEMALE 35-25 / FOR BALLJOINT\ 

7" 
ss 

PIPE DIA. lm: I I 343" PE 

FILL 
3/4" 

. WITH 
SS BAIL 

8 DIA. FLANGE I,,,, 

111- SCHEMATIC DRAWING OF BALLMILL EXTRACTOR. 
FEMALE CONNECTOR ON LEFT ABOVE IS REVERSED I N  T H I S  DRAWING. 

AS SHOWN I N  PHOTOGRAPH 11, THE FEMALE 
T H I S  CONNECTOR 

DOES NOT EXTEND BEYOND EDGE O F  VESSEL. 



IV. LARGE SOXHLET-TYPE EXTRACTOR FOR EXTRACTIONS OF LARGE INTACT ROCK AND 
METEORITE SAMPLES 


